Introduction 28
Primary cilia are found on nearly all cells in the human body (Satir et al., 2010; Ishikawa and 29 Marshall, 2011). They are a major mechanosensory organelle with key roles in developmental 30 patterning and cell growth control. Dysfunction of primary cilia is associated with a growing number 31 of diseases including polycystic kidney disease and a large array of ciliopathies (Baker and Beales, 32 2009). The core of the primary cilium is formed by the axoneme, a 9+0 array of microtubules. These 33 microtubules are marked by acetylation allowing specific detection using an antibody to detect this 34 post-translational modification (Piperno and Fuller, 1985) . The small GTPase Rab8a has been 35 shown to be required for the formation and function of cilia (Nachury et al., 2007; Yoshimura et al., 36 2007 ) and can be used as a marker of the cilia membrane (Hattula et al., 2006) which while 37 contiguous with the rest of the plasma membrane forms a functionally distinct domain. Trafficking 38 with the cilium occurs by intraflagellar transport (Scholey, 2008) , a process by which particles are 39 translocated along the axoneme driven by kinesin-2 in the anterograde direction and dynein-2 in the 40 retrograde direction. The particles that are moved are responsible for delivery of components 41 necessary to build and maintain the cilium as well as to remove components and balance the 42 growth of axoneme and membrane. 43
The microtubule motor cytoplasmic dynein (Paschal et al., 1987; Schroer et al., 1989) has clear 44 roles in microtubule organization, mitosis, organelle structure and positioning, and membrane 45 trafficking (Vallee et al., 2004) . In vertebrates, the dynein motor is built around a heavy chain 46 subunit that provides ATPase-dependent force generation as well as microtubule coupling. 47
Results and discussion 87
Our previous work included validation of siRNA duplexes against all known cytoplasmic dynein 88 subunits (Palmer et al., 2009 ). The majority of this previous work was undertaken in HeLa cells and 89 validated in RPE1. This latter cell line generates primary cilia on serum starvation and consequently 90
we used this to test the requirement for physiological levels of expression of the other dynein 91 subunits in ciliogenesis. 2I) and DHC2 #2-suppressed cells, Figure 2J ). In this case, the number of ciliated cells in each 114 experiment was indistinguishable from controls (ranging from 40-80%). Immunoblotting consistently 115 revealed DHC2 #1 to be most effective at dynein-2 suppression. Our interpretation is that this near-116 loss of dynein-2 leads to a failure to produce cilia while a partial depletion (as seen using DHC2 #2 117 for example) led to an increase in cilia length. Cilia elongation on transfection with DHC2 #2 was 118 also validated by imaging GFP-Rab8a labelling of the cilia membrane ( Figure 2K ). 119
Previous work has shown localization of dynein-2 to the Golgi apparatus (Grissom et al., 2002 ). We 120 therefore tested its role in Golgi organization. Figure 2L shows that the Golgi apparatus (marked by 121 giantin labelling) is unaffected by DHC2 suppression (siRNA #2 shown, indistinguishable results 122 were found using siRNA #1). Quantification of multiple images from 5 independent experiments 123 revealed no statistically detectable difference in number, size or distribution of giantin-labelled Golgi 124 structures suggesting that dynein-2 is not required for the structural organization of this organelle 125 (see also (Palmer et al., 2009 
)). 126
Following on from this, we decided to test all cytoplasmic dynein subunits for their role in 127 ciliogenesis in these cells. Cells were transfected with validated siRNA duplexes targeting each 128 subunit individually (Palmer et al., 2009 ). We then used automated detection and measurement of 129 the ciliary axoneme in cells suppressed for each cytoplasmic dynein subunit. Figure 3A shows the 130 results from these assays (n=3) for those dynein subunits for which a phenotype was evident (and 131 statistically validated). Statistically detectable increases in cilia length were seen following 132 suppression of Tctex-1. Only one of two of our siRNA duplexes targeting LC8 produced an increase 133 in cilia length in this assay despite clear evidence of a role for LC8 in cilia (Pazour et al., 1998) . To resolve to discrepancy between the data following suppression using DHC2 #1 and DHC2 #2, 142
we used a further 3 siRNA duplexes targeting DHC2. Figure 3A and 3B show that these duplexes 143 (DHC2 #3, #4, and #5) all led to a statistically detectable increase in cilia length. As with DHC2 #2, 144 the number of ciliated cells was the same as in control experiments. These data correlated well with 145 the efficacy of knockdown as measured using quantitative PCR ( Figure 3C ). Our interpretation is 146 that highly effective suppression of DHC2 (by DHC2 #1) leads to a failure to produce cilia in hTERT-147 RPE-1 cells where partial suppression (using DHC2 #2, #3, #4, or #5) result in increased cilia 148
length. 149
Suppression of Tctex-1 was validated using immunoblotting ( Figure 3D ). In addition to measuring 150 the length of the axoneme, we transfected cells suppressed for Tctex-1 with GFP-Rab8a to 151 determine the length of the cilium membrane. We observed an increase in length of the cilia 152 membrane in cells depleted of Tctex-1 compared to controls ( Figure 3E ). The data from these 153 experiments gave the same results as those in which we measured axoneme length (data not 154 shown). 155
To examine the relationship between DHC2 and Tctex-1, we immunoblotted cell lysates following 156 suppression of DHC2 to determine the stability of Tctex-1 ( Figure 4A ). To our surprise, we noted 157 that the 4 siRNA duplexes targeting DHC2 that produced an increase in the length of the axoneme 158 resulted in loss of Tctex-1 ( Figure 4B , grey bars). That we see this with four independent sequences 159 9 argues strongly against an off target effect. It is not entirely clear why we do not observe a loss of 160 Tctex-1 following suppression using the DHC2 #1 duplex but one possibility is that this reflects 161 some adaptation of the cells during the 72 hour time course of these experiments. Double 162 transfection with DHC2 #1 and Tctex-1 #1 resulted in a failure of >95% (n=3 independent 163 experiments, total 200 cells) of cells to produce cilia ( Figure 4C ). These data reflect those seen 164 following depletion of DHC2 alone. Depletion with both DHC2 #2 and Tctex-1 #2 resulted in an 165 increase in cilia length over and above that seen with single depletions alone ( Figure 4C ). Here the 166 mean cilium length was 4.2 µm, compared to 1.8 µm for lamin A/C siRNA, 2.7 µm for Tctex-1 siRNA 167 #2, and 2.5 µm for DHC2 siRNA #2. This more robust phenotype is consistent with Tctex-1 and 168 DHC2 acting in the same complex. 169
We conclude from this that Tctex-1 is a component of dynein-2 that is specifically required for the 170 control of elongation of primary cilia. Despite extensive efforts we have been unable to demonstrate 171 biochemically that Tctex-1 is indeed associated with DHC2 as well as DHC1 (robust association 172 with DHC1 is readily detectable, not shown). The availability of antibodies that are capable of 173 discriminating between the closely related dynein heavy chains is a major limitation here. A major 174 caveat here is that available reagents might preclude detection of any interaction but our data would 175 also be consistent with a dynein-2 independent function for Tctex-1 in regulating cilia length. 176
However, we believe this unlikely for the following reasons. In Chlamydomonas, dynein-2 is known 177 to include LIC3 and functional data strongly implicate LC8 in this complex (Pazour et al., 1998 ; 178 Cole, 2003; Perrone et al., 2003) . While LIC3 and DHC2 co-immunoprecipitate together LC8 did not 179 co-sediment or co-immunoprecipitate with DHC2 (Perrone et al., 2003) . This is consistent with the 180 many dynein-independent functions of LC8 (King, 2008 (Lo et al., 2007) . Conflicting data exist relating to dynein-183 independent functions of Tctex-1. Sucrose density centrifugation showed that all Tctex-1 was found 184 10 in fractions that co-sediment with the intact dynein complex (Lo et al., 2007) , suggesting that unlike 185 for LC8 (King, 2008) , all Tctex-1 is in a dynein-based complex. However, other work has identified 186 dynein-independent pools of Tctex-1 (Tai et al., 1998) and suggested dynein-independent functions 187 for Tctex-1 in neurite outgrowth (Chuang et al., 2005) . Reconciliation of these data might come from 188 in the observation that the association of Tctex-1 with dynein is controlled by protein 189 phosphorylation (Yeh et al., 2006) . Indeed a picture appears to be emerging of functions for Tctex-1 190 following its regulated dissociation from the dynein complex. Intriguingly, these appear to include 191 the regulation of cilium disassembly as cells re-renter mitosis following a period in Go (Li et al., 192 2011) . Together these data are consistent with a model in which Tctex-1 is found in the context of 193 both dynein-1 and dynein-2 complexes. We believe that the simplest interpretation of our own data 194 is that Tctex-1 is a component of dynein-2 that is required for length control in primary cilia. where knockout of dynein-2 function does not result in loss of cilia but instead in a loss of cilia 212 length control (Rajagopalan et al., 2009) . This is clearly a very different experimental system, and 213 notably a knockout versus a knockdown. However, it raises the possibility that a disturbance of 214 normal dynein-2 function in these two systems might reflect a similar outcome in the role of IFT in 215 axoneme lengthening. During IFT, the kinesin-2 motor actively delivers dynein-2 to the tip of the 216 cilium to initiate retrograde transport (reviewed in (Scholey, 2008) ). In mammalian dynein-2 217 knockouts (Rana et al., 2004) , the accumulation of anterograde IFT particles leads to stumpy cilia. 218
Perhaps in our dynein-2 knockdowns, partial inhibition of retrograde IFT does not lead to a failure of 219 anterograde IFT and so cilia length increases. Consistent with this idea, anterograde IFT is ongoing 220 in C. elegans DHC2 mutants, (Signor et al., 1999) 
. Why this is also seen in Tetrahymena dynein-2 221 knockouts (Rajagopalan et al., 2009) is unclear. Perhaps kinesin-2 activity in Tetrahymena does is 222 not controlled by the presence of dynein-2. 223
One possible model arising from this would be that the presence of dynein-2 is required to engage 224 kinesin-2 activity for anterograde IFT In our knockdowns, we do not lose sufficient dynein-2 to 225 prevent this but do have significant effects on retrograde transport, thus, cilia length increases. 226 Perhaps this is phenocopied by loss of Tctex-1 because Tctex-1 is required for retrograde IFT but 227 not control of kinesin-2 activity. Tctex-1 might directly engage a specific cargo during IFT that is 228 intimately involved in length control through intracellular signalling (Besschetnova et al., 2010) or 229 through control of IFT particle size (Engel et al., 2009) . In summary, our data reveal a role for Tctex- Quantitative PCR was performed as described previously (Palmer et al., 2009 ). Briefly, RNA was 263 isolated from cells using the TRIzol extraction method (Invitrogen, Paisley, UK). 50 µg RNA was 264 used for reverse transcription using Omniscript reverse transcriptase (Qiagen, Crawley, United 265 Kingdom) for 60 min at 37°C. Newly synthesized cDNA was then used for real-time qPCR using the 266 DyNAmo SYBR green qPCR kit (New England Biolabs, Ipswich, MA). The following primers were 267 used (designed using Primer3 software; (Rozen and Skaletsky, 2000) ; available at 268 http://primer3.wiki.sourceforge.net). Primers used were designed using Primer3 software. Two sets 269 of primers were designed against DHC2 and gave indistinguishable results. The primer pairs (5'-3') 270 used were: (fwd) TTG GAC TTC CTA GGG GGA CT with (rev) CTC CAA CTC CCC AAA GAT CA 271 and (fwd) ACA GCT AGC CAA GCT CGA AG with (rev) GAT AGG CAT CCC GTT CTT GA. Each 272 sample was run in triplicate using the target primers, together with primers designed to amplify RNA 273 polymerase II (fwd, GCACCACGTCCAATGACAT and rev, GTGCGGCTGCTTCCATAA), as a 274 control. Amplification was performed and detected using an Opticon2 cycler (Bio-Rad, Hercules, 275 CA), and data were analyzed using the comparative Ct method, which utilizes the formula 2( 
